Transcriptional mechanisms remain poorly understood in trypanosomatid protozoa. In particular, there is no knowledge about the function of basal transcription factors, and there is an apparent rarity of promoters for protein-coding genes transcribed by RNA polymerase (Pol) II. Here we describe a Trypanosoma brucei factor related to the TATA-binding protein (TBP). Although this TBP-related factor (TBP-related factor 4 [TRF4]) has about 31% identity to the TBP core domain, several key residues involved in TATA box binding are not conserved. Depletion of the T. brucei TRF4 (TbTRF4) by RNA interference revealed an essential role in RNA Pol I, II, and III transcription. Using chromatin immunoprecipitation, we further showed that TRF4 is recruited to the Pol I-transcribed procyclic acidic repetitive genes, Pol II-transcribed spliced leader RNA genes, and Pol III-transcribed U-snRNA and 7SL RNA genes, thus supporting a role for TbTRF4 in transcription performed by all three nuclear RNA polymerases. Finally, a search for TRF4 binding sites in the T. brucei genome led to the identification of such sites in the 3 portion of certain protein-coding genes, indicating a unique aspect of Pol II transcription in these organisms.
One of the most intriguing aspects in protozoa of the family Trypanosomatidae, which include African and South American trypanosomes and Leishmania, remains the regulation of gene expression (5) . It appears that these organisms do not use transcription initiation as a major regulatory step to control the output of mRNA on a per gene basis; the majority of proteincoding genes are organized as polycistronic rather than monocistronic transcription units. Indeed, the 5Ј ends of all mature mRNAs are formed by trans-splicing, an RNA processing reaction, rather than by transcription initiation as in most eukaryotic organisms.
Another curiosity in trypanosomatids is the apparent rarity of promoters for protein-coding genes transcribed by RNA polymerase (Pol) II. Although transcription is performed by three RNA polymerases with ␣-amanitin sensitivities similar to those of higher eukaryotic Pol I, II, and III, thus far it has been challenging to map Pol II transcription initiation sites for protein-coding genes (5) . To date, there is a single report where transcriptional analysis of Leishmania major chromosome 1 suggests the presence of a bidirectional Pol II promoter (26) . The only other characterized Pol II-dependent promoter drives expression of the spliced leader (SL) RNA (11) . Genetic and biochemical studies delineated various promoter elements of the SL RNA gene and led to the isolation of the first transcription factor (promoter-binding protein 1 ) in trypanosomatids (8) . PBP-1 interacts with the promoter element located between 60 and 80 bp upstream of the transcription start site. Interestingly, the 57-kDa subunit of PBP-1 is orthologous to the 50-kDa component of the small nuclear RNA-activating protein complex (SNAP c ), involved in transcription of human small nuclear RNA (snRNA) genes (8) . Studies on Pol I and Pol III transcription units in trypanosomatids have so far been limited to the identification and fine mapping of promoter elements (22, 24, 35) , and no transcription factors have been identified either biochemically or by database mining.
The brief summary above underscores our rather limited knowledge of transcriptional mechanisms in trypanosomatids. In particular, nothing is known about the presence and/or function of basal transcription factors. TATA-binding protein (TBP) is the only known basal factor that is involved in transcription by all three eukaryotic nuclear RNA polymerases and functions on promoters with or without a TATA box (15, 31) . Consistent with this general role, TBPs from a wide variety of organisms share both a high degree of amino acid conservation and very similar crystal structures. TBP has a variable N-terminal domain and a highly conserved C-terminal core domain (3) . The latter domain has an approximate twofold intramolecular symmetry that through crystallographic studies revealed a saddle-shaped structure (21) . In addition to TBP, all multicellular animals also express a TBP-like protein (TLP), also called TLF, TRF2, TRP, or TRF (2, 7) . It was shown that TLP has a role in embryonic development and differentiation in Caenorhabditis elegans, Xenopus, and mice, but its function in transcriptional regulation remains to be determined (6, 18, 25, 37, 41) . More recent data revealed that TLP regulates cell cycle progression and stress response (33) . In Drosophila melanogaster, TRF1 functions in both Pol II (17) and Pol III (34) transcription, whereas TRF2, a third member of the TBP family, coordinates transcription of a subset of genes, including genes involved in DNA replication and cell proliferation (16) .
Here, we describe the functional characterization of a Trypanosoma brucei factor related to TBP using RNA inter-ference (RNAi) and chromatin immunoprecipitation (ChIP). We show that the T. brucei TBP-related factor is recruited to the Pol II-transcribed SL RNA gene, as well as to Pol I and Pol III transcription units, providing evidence that this TBP-related factor has a universal role in transcription in trypanosomes.
MATERIALS AND METHODS
Trypanosome cell lines. Procyclic T. brucei cells were transfected as previously described (30) . To generate the T. brucei TBP-related factor 4 (TbTRF4) RNAi cell line, a 597-bp fragment (nucleotides [nt] 29 to 626) of the T. brucei TRF4 translated region was assembled as two inverted repeats separated by a stuffer fragment and inserted downstream of a tetracycline (TET)-inducible promoter from the procyclic acidic repetitive protein (PARP) gene. The construct was linearized with NotI for integration at the rRNA gene nontranscribed spacer region of strain 29.13.6, expressing the TET repressor and T7 RNA polymerase (39) . Transformed cells were selected in the presence of 2.5 g of phleomycin per ml and cloned by limiting dilutions.
A PCR-based method (32) was used to establish a cell line in which one allele of TbTRF4 was replaced with the blasticidin (BSR) drug resistance gene. The second allele was tagged with an epitope at the N terminus; the epitope was BB2, corresponding to 10 amino acids from the immunologically well-characterized major structural protein of the Saccharomyces cerevisiae Ty1 virus-like particle. Mouse monoclonal antibodies against this epitope were generated in Keith Gull's laboratory (1) . Similarly, one allele of the largest subunit of Pol II was tagged with the BB2 epitope in a background in which the other three alleles had been replaced by drug resistance genes, namely, for BSR, phleomycin, and hygromycin.
ChIP procedure. The ChIP methodology was adopted from protocols provided by the laboratories of S. Buratowski (20) and P. J. Farnham (38) . A procyclic T. brucei cell culture of 600 ml at a density of 6 ϫ 10 6 to 8 ϫ 10 6 cells/ml was mixed with 60 ml of 11% formaldehyde (final concentration, 1%) and incubated at room temperature between 15 and 40 min. Glycine was then added to a final concentration of 250 mM, and the culture was incubated for 5 min. The cells were washed twice with cold phosphate-buffered saline (8.1 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 [pH 7.5], 2.5 mM KCl, 140 mM NaCl) and then washed once with cold precell lysis wash buffer [1 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (PIPES) (pH 7.4), 1 mM CaCl 2 , 5 mM MgCl 2 , 1 g of aprotinin per ml, 1 g of leupeptin per ml]. The cells were resuspended in 15 ml of cold cell lysis buffer (1 mM PIPES [pH 7.4], 1 mM CaCl 2 , 5 mM MgCl 2 , 0.5 M hexylene glycol, 10 g of aprotinin per ml, 10 g of leupeptin per ml), incubated on ice for 10 min, and broken twice using a French press set at 2,000 lb/in 2 . The lysate was centrifuged at 400 ϫ g for 5 min at room temperature, the supernatant was removed, and the lysate was centrifuged again at 2,400 ϫ g for 30 min at room temperature. The pellet was washed with 10 ml of nucleus wash buffer (0.25 M sucrose, 50 mM Tris-HCl, 5 mM MgCl 2 , 1% Triton X-100, 10 g of aprotinin per ml, 10 g of leupeptin per ml) and centrifuged at 2,400 ϫ g for 20 min at room temperature. The pellet was resuspended with 8 ml of cold formaldehyde (FA) lysis buffer (50 mM HEPES-KOH [pH 8], 150 mM NaCl, 1 mM EDTA, 0.1% sodium deoxycholate, 1% Triton X-100, 10 g of aprotinin per ml, 10 g of leupeptin per ml) plus 0.3% sodium dodecyl sulfate (SDS) and 0.5% Sarkosyl, Dounce homogenized about 30 times using a B-type pestle in a 7-ml glass Dounce homogenizer tube, and centrifuged at 100,000 rpm for 20 min at 4°C. The pellet was resuspended in 6 ml of cold FA lysis buffer containing 0.3% SDS. The sample was sonicated to an average size of about 400 bp and centrifuged at 100 ϫ g for 25 min at 4°C, and the soluble sheared chromatin was adjusted to final concentrations of 275 mM NaCl and 0.1% SDS.
Before immunoprecipitation, the sheared chromatin was precleared with protein G beads in FA buffer containing 0.1% SDS. Immunoprecipitation was performed in FA buffer containing 0.1% SDS and 275 mM NaCl, and the precipitates were washed once with FA buffer containing 0.1% SDS, twice with FA buffer containing 0.1% SDS and 500 mM NaCl, once with a solution consisting of 10 mM Tris-HCl (pH 8.0), 0.25 M LiCl, 1 mM EDTA, 0.5% Nonidet P-40, and 0.5% sodium deoxycholate, and twice with TE buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA). The beads were then incubated in a solution consisting of 10 mM Tris-HCl (pH 8.0), 1 mM EDTA, 300 mM NaCl, and 1 l of DNasefree RNase (10 g/ml) at 65°C for 30 min. An equal volume of a solution consisting of 100 mM Tris-HCl (pH 8.0), 20 mM EDTA, and 2% SDS was then added to the solution, and the solution was incubated for 10 min. Proteinase K was added to a final concentration of 500 g/ml, and the solution was incubated for 1 h at 42°C. The beads were then removed, and the supernatant was incubated at 52°C overnight. The DNA samples were subjected to agarose gel electrophoresis, and fragments in the size range of 100 to 500 bp were isolated using the Qiagen gel purification kit and analyzed by PCR.
PCR mixtures contained 3 l of a 1:20 dilution of the immunoprecipitate or 3 l of a 1:3,000 to 1:10,000 dilution of the input sample and 25 ng of each primer in a total volume of 10 l. The PCR cycles were empirically adjusted for each primer pair to be in the linear range of the amplification. Further details about the ChIP methodology, PCR conditions, and oligonucleotide primers used are available upon request.
Identification of TRF4 targets. Chromatin immunoprecipitates were labeled by random priming (Amersham Biosciences) and used to screen a T. brucei genomic library constructed in the Lambda ZAP II vector (Stratagene). Briefly, genomic DNA was partially digested with a combination of HaeIII, AluI, and RsaI, and DNA fragments of 4 to 5 kb were gel purified. EcoRI adapters were attached, and the resulting fragments were cloned into Lambda ZAP II (E. Ullu, unpublished data).
Analysis of newly synthesized RNA. The TbTRF4 RNAi cell line was induced with tetracycline (10 g/ml) for 1 or 2 days, and then the induced and uninduced cells were permeabilized with lysolecithin as described previously (36) . After incubation at 28°C for 15 min, total RNA was extracted with TRIZOL reagent (Gibco-BRL) and processed for dot blot hybridization as described previously (10) . The following DNA fragments of TRF4 and Pol II chromatin immunoprecipitate (TPChIP) clones 5 and 8 were subcloned into pBluescript and used for dot blotting: 1, nt 55 to 377 of the pteridine reductase 1 (Ptr1) translated region 
RESULTS
Sequence analysis of a TBP-related factor in trypanosomatids. The current databases of the T. brucei, Trypanosoma cruzi, and L. major genome projects contain a single protein related to the TBP family (Fig. 1A ). We will use the term TRF4 (TBP-related factor 4) to avoid confusion with the trypanosome lytic factor or TLF and to distinguish this protein from the existing family of TBP-type factors (Fig. 1C) . As in all other members of this family, the trypanosomatid TRF4s have the typical TBP signature domain at the C terminus with two imperfect direct repeats, each encompassing about 85 amino acids. Overall, the three polypeptides are approximately 60% identical, with most of the conserved amino acids residing in the TBP signature domain; fewer identical amino acids are seen in the N-terminal domain of about 80 amino acids.
To determine the relationship between the trypanosomatid proteins and other TBP family members, the T. brucei protein was aligned with a selected number of TBPs and TBP-like proteins using the ClustalW multiple-sequence alignment algorithm (Fig. 1B) , and a phylogenetic tree was constructed (Fig. 1C) . As expected, the N-terminal domain of the T. brucei protein did not reveal significant similarities with other members of this family. The C-terminal core domain, on the other hand, was 31% identical (53% similar) to D. melanogaster TBP and 30% identical (54% similarity) to D. melanogaster TRF1. This contrasts with 21% identity (41% similarity) of the T. brucei core domain to the D. melanogaster TRF2. Thus, it appears that the T. brucei polypeptide is somewhat more closely related to TBPs and TRF1 than to TRF2s.
However, the trypanosomatid proteins have characteristics that clearly distinguish them from TBPs and TRF1. TBPs and TRF1, but not TRF2s, have two pairs of highly conserved phenylalanine residues that play a key role in the interaction with the TATA box. Intriguingly, in T. brucei, T. cruzi, and L. major, the phenylalanine pair in the first repeat is replaced with a cysteine-arginine, threonine-arginine, and isoleucine-histidine pair, respectively (Fig. 1A) . Moreover, whereas several other amino acids involved in DNA recognition are conserved in TBPs and TRFs, very few of these residues are present in the trypanosomatid proteins (Fig. 1B) . Taken together, these findings suggest that the trypanosomatid TBP-related factors will recognize different DNA sequences than the TBPs or TRF1. However, what is conserved in the trypanosomatid proteins are the motifs in TBP known to interact with TFIIA and TFIIB (Fig. 1B) . T. brucei TRF4 is encoded by an essential gene. To begin to address the roles of the trypanosomatid TRF4s in transcription, T. brucei mRNA was downregulated by RNAi. We generated a construct containing the TET-inducible promoter from the PARP genes driving expression of hairpin doublestranded RNA (dsRNA). After integration at the rRNA gene nontranscribed spacer region, stable clonal cell lines were established. The production of dsRNA was monitored 12 h after TET was added, and the cell line generating the largest amount of dsRNA was chosen for further analysis (data not shown). Next, TET was maintained in the culture medium for up to 7 days, and the fate of TRF4 mRNA was monitored by Northern blotting (Fig. 2B ). This showed a drastic decrease of TbTRF4 mRNA within 12 h of dsRNA induction with very little change thereafter. During the first 48 h of TRF4 silencing, there was no noticeable effect on cell growth ( Fig. 2A) . However, after 72 h, the cells gradually stopped growing and eventually died, indicating that T. brucei TRF4 is essential for viability.
Silencing of TRF4 affects transcription of most genes. The requirement for cell viability and the conservation of both motifs and the primary amino acid sequence suggest an essential, housekeeping role for TRF4 in the cell. To assay what effect TRF4 depletion had on transcription, lysolecithin-permeabilized cells were prepared after TET induction, and newly synthesized transcripts were labeled with [␣-32 P]UTP. Since cell death became apparent after 72 h of dsRNA induction, we restricted our analysis to 1 and 2 days after induction. At these time points, we were able to reproducibly measure the transcriptional activity of a variety of genes by dot blot hybridization. Newly synthesized [ 32 P]RNA was hybridized to gene probes immobilized on nitrocellulose filters representing genes transcribed by Pol I (rRNA genes and PARP), Pol II (SL RNA and tubulin), and Pol III (U6 and U2 snRNA). Quantitation of the dot blot results shown in Fig. 3A revealed that under these conditions, TRF4 depletion did not significantly change Pol I-mediated transcription of the rRNA genes but had a slight and reproducible effect on PARP synthesis (Fig. 3B) . On the other hand, Pol II transcription of the SL RNA and tubulin genes and Pol III transcription of the U6 and U2 snRNA genes was affected, with SL and U2 or U6 RNA synthesis reduced by 45 and 65%, respectively, after 2 days of induction. These depletion experiments using RNAi supported the conclusion that TbTRF4 participates in transcription by Pol I, Pol II, and Pol III but that the synthesis of the large rRNAs did not appear to require TRF4.
Recruitment of TRF4 to the Pol II-transcribed SL RNA genes. Although the results of the RNAi experiments back the notion that TbTRF4 plays an essential role in transcription in vivo, they fail to provide a direct mechanistic link between TRF4 and cellular promoters. Therefore, we monitored the association of the T. brucei TRF4 polypeptide with transcribed genes in living cells using ChIP. To this end, we first generated a procyclic T. brucei cell line expressing solely an epitopetagged version of TRF4. We deleted one allele by homologous recombination with a PCR-generated cassette encoding the blastocydin (BSR) resistance gene and then introduced an N-terminal BB2 epitope in the second allele at its original chromosomal locus. This approach ensured that the epitopetagged version of the protein was functional and expressed at a level comparable to that of the endogenous protein. In addition, a second cell line in which the largest subunit of RNA Pol II was tagged with an epitope at the N terminus was generated. Since the gene coding for this subunit is present in two copies per haploid genome, three of the alleles were replaced with drug resistance markers, and a BB2 epitope tag was placed at the N terminus of the fourth allele, thus generating a cell line exclusively expressing a BB2-tagged Pol II. Next, living cells were exposed to 1% formaldehyde, and fixed chromatin served as a substrate for immunoprecipitation with anti-BB2 antibodies. Precipitated DNA fragments with an average length of 100 to 500 bp were analyzed by PCR using gene-specific oligonucleotide primers (see Materials and Methods).
To validate the ChIP methodology, we first examined the Pol II-transcribed SL RNA genes (11) , which are tandemly repeated about 200 times in T. brucei. Each gene has its own Pol II promoter, and the transcription unit encompasses 140 nt of coding region and 100 nt of upstream sequences containing promoter elements. After immunoprecipitation and reversal of the cross-links, samples were analyzed by PCR using primers amplifying the region from nt Ϫ56 to ϩ82 of the SL RNA transcription unit, as well as a region upstream of the gene (nt Ϫ530 to Ϫ608), which was not expected to recruit factors required for transcription (Fig. 4A) . For a negative control, we included a reaction mixture lacking the primary antibody. For each primer pair, the PCR conditions were defined experimentally in such a way that the final products were in the linear amplification range (data not shown).
As predicted, Pol II was found associated with the SL RNA transcription unit, but not with the upstream region (Fig. 4A) .
Immunoprecipitates of the epitope-tagged largest subunit of Pol II were enriched 10-fold for the fragment from nt Ϫ56 to ϩ82 (Fig. 4A, lane 6) , compared to the no-antibody control (lane 5). In contrast, no enrichment was seen for the upstream negative-control fragment in the immunoprecipitates (compare lanes 2 and 3). Similarly, PCR analysis of TbTRF4 immunoprecipitates resulted in the amplification of the SL RNA gene-specific fragment (lane 12), whereas the amplification of the upstream region was similar to the no-antibody control (lanes 8 and 9). These ChIP results strongly supported our permeable cell experiments and established a specific role for TbTRF4 in the transcription of the SL RNA genes. Although downregulation of TRF4 by RNAi appeared to indicate a role for this polypeptide in tubulin transcription (Fig. 3) , so far we have not been able to specifically detect TRF4 at these genes by ChIP (Fig. 4B and data not shown). However, it should be pointed out that we have not yet done an extensive search for TRF4 binding sites in the tubulin gene locus, which consists of about 15 repeated gene copies. Pol I-and Pol III-transcribed genes. We next extended the ChIP experiments to Pol I-and Pol III-transcribed genes. For Pol I transcription, we surveyed the promoters of the large rRNA genes and the developmentally regulated procyclin or PARP genes. In agreement with the results of RNAi experiments, TRF4 was not recruited to the promoter regions of the rRNA genes (Fig. 5) . However, using PARP promoter-specific primers, a positive PCR signal was detected in the immunoprecipitated sample, whereas only a background signal was seen for the upstream negative-control fragment (Fig. 5) .
In contrast to most eukaryotes, where Pol II is responsible for the synthesis of the U2 snRNA, in T. brucei the single-copy U2 snRNA gene is transcribed by Pol III (35) . As shown in Fig.  5 and in support of the results of RNAi experiments, TRF4 was found associated with the U2 transcription unit, but not with an upstream control region. The involvement of TRF4 in Pol III transcription was also observed at the U6 snRNA and 7SL RNA gene locus (Fig. 5) .
Identification of genomic sequences interacting with TRF4 and Pol II. The above experiments established a role for TbTRF4 in transcription by all three RNA polymerases. However, they did not provide a link between TRF4 and Pol IImediated transcription of protein-coding genes (Fig. 4B) , i.e., addressing the question of whether conventional Pol II promoters exist in trypanosomes.
To begin to tackle this issue, we combined the ChIP assay with a hybridization analysis to search for genomic regions occupied by both TRF4 and Pol II. After reversal of the crosslinks, DNA purified independently from TRF4 and Pol II immunoprecipitates was labeled with 32 P and hybridized to duplicate filters of a phage library of T. brucei genomic sequences with an average insert size of 4 kb. In a pilot screen of approximately 2,000 clones (representing about 8 Mb or 30% of the trypanosome genome), we identified 27 clones that hybridized to both TRF4 and Pol II chromatin immunoprecipitates.
To validate our approach, we hybridized a third filter to a SL RNA gene probe, since according to our ChIP experiments (Fig. 4A) , these genes should be represented among the positive signals. Indeed, all the 17 phages identified as SL positive were among the 27 clones that hybridized to both the TRF4 and Pol II chromatin immunoprecipitates. We felt it critical to confirm that the remaining 10 clones were indeed bound by TRF4 and Pol II in vivo and did not represent DNAs that gave false-positive results due to repeated elements and/or nonspecific precipitation. Therefore, we randomly chose five clones for a more detailed analysis. The identities of these clones were determined by end sequencing followed by BLAST analysis of the T. brucei GeneDB database at the Sanger Institute (http: //www.genedb.org/). Subsequently, the sequences hybridizing to both the TRF4 and Pol II chromatin were narrowed down to about 1,000 bp using a combination of restriction enzyme digests and Southern blots (see Fig. 6 ). Next, the recruitment of Pol II and TRF4 to the genomic regions identified by hybridization was confirmed with standard ChIP experiments for all five isolates (see Fig. 7B ; also data not shown), and the mapped regions were shown to be present in single copies in the genome by BLAST searches and Southern blot hybridizations.
Inspection of the five regions binding Pol II and TRF4 revealed that they were all within transcription units of proteincoding genes. The surprising result was that they were either located at the end of a translated region or within 3Ј UTRs (Fig. 6 ). This somewhat unorthodox result prompted us to have a closer look at two such regions, namely, Ptr1 and TR. In the case of Ptr1, the Pol II/TRF4 region was mapped to the last 300 bp of the translated region. Ptr1 is part of large directional cluster of protein-coding genes on chromosome 8 and is followed downstream by a hypothetical 4.5-kb ORF (ORF2 [Fig.  7A] ). Northern blot analysis of steady-state RNA revealed that Ptr1 and ORF2 mRNAs of the predicted size accumulated to approximately similar levels, and there was no evidence for additional RNAs from this region (Fig. 7C) .
As an alternative experimental approach to assay Pol II density, we examined newly synthesized RNA originating from this genomic region. As shown in Fig. 7D , DNA fragments of equal size (300 bp) covering the beginning and end of the Ptr1 translated region, the 3Ј UTR of Ptr1, the intergenic region, the 5Ј UTR of ORF2, and the translated region of ORF2 hybridized weakly and with approximately similar intensities to 32 P-labeled RNA made in permeable cells. In contrast, the 300-bp region identified as a binding site for Pol II and TRF4 (fragment 2) had a 10-fold increase in the hybridization signal. As predicted, this hybridization signal was decreased in TRF4-depleted cells (data not shown). It is important to note that fragment 2 is present as a single copy in the genome, as judged by BLAST searches and Southern blot hybridization; therefore, the signal was not due to a repetitive sequence.
Using strand-specific probes, we further determined that transcription occurred in the same direction as that of the Ptr1 gene (data not shown). Attempts to resolve the size of the transcripts, by either hybrid selection, Northern blotting, or using DNA oligonucleotides for dot blots, were not successful. Furthermore, we found no evidence for the presence of RNAs smaller than the Ptr1 mRNA in steady-state RNA by Northern blot or RNase protection experiments (Fig. 7C and data not  shown) . Nevertheless, a similar analysis of the Pol II/TRF4 binding site in the TR gene locus (Fig. 7E ) underscored the emerging picture that the isolated regions have striking local increases in transcriptional activity.
DISCUSSION
The experiments described in this report highlight a fundamental role for a T. brucei TBP-related factor (TRF4) in transcription mediated by Pol I, Pol II, and Pol III. Although we cannot discount the possibility that another TBP-related gene exists in the trypanosome genome, we think this is highly unlikely for the following reasons. First, the coverage of the trypanosomatid genome is quite extensive and includes not only three finished trypanosomatid protozoan genomes, namely, T. brucei, L. major, and T. cruzi, but also considerable coverage of the genomes of two other African trypanosomes, which are closely related to T. brucei, namely, Trypanosoma congolense and Trypanosoma vivax. Thus, we think it is significant that we could identify only TRF4 in the combined genomic information of the family Trypanosomatidae. Second, by performing low-stringency Southern hybridization and PCR amplification with degenerate oligonucleotides, we did not obtain evidence for the presence of TBP or an additional TBPrelated factor (unpublished data).
For Pol I, the ChIP experiments placed TRF4 at the promoter region of the developmentally regulated PARP genes, but interestingly, we could not detect TRF4 at the promoters of the rRNA genes. The latter result was already apparent in RNAi experiments, where downregulation of TRF4 did not have a noticeable effect on rRNA gene transcription (Fig. 3) . One concept emerging from these observations is that the composition of the transcriptional machineries assembling on these two promoters is distinct. Surveying the current T. brucei database did not produce candidate factors that could be tested by ChIP for their involvement in Pol I transcription (C. Tschudi, unpublished data). Thus, resolution of this intriguing possibility will have to come from a biochemical analysis of the available in vitro transcription system (23) .
To assess whether TRF4 is involved in Pol II-dependent transcription in T. brucei, we chose the SL RNA gene, which remains the only Pol II unit in trypanosomatids characterized in some detail (8, 11) . Initial experiments in a variety of systems identified two regulatory elements by mutational analysis: one close to the transcription start site and the other located between 60 and 80 bp upstream (35) . Elegant biochemical experiments in V. Bellofatto's laboratory have extended these studies to isolate a transcription factor, referred to as PBP-1, which specifically binds to the upstream element (8) . This factor is composed of three polypeptides, and one of these proteins, with a molecular mass of 57 kDa, is an orthologue of the human 50-kDa subunit of SNAP c , also known as PBP or PTF. SNAP c binds to the proximal sequence element of Pol IIand Pol III-transcribed snRNA genes. Thus, the transcriptional machinery assembling on the SL RNA promoter appears to resemble snRNA transcription in higher eukaryotes. It is well established that TBP is required for both Pol II-and Pol III-transcribed snRNA genes (14) . The results of our experiments presented here showed that TRF4 is recruited to the SL RNA genes and thus is involved in the transcription of these genes. This result raises the intriguing possibility that TRF4 has taken the place of TBP in the assembly of a transcription initiation complex on the SL RNA genes. At this time, we do not know whether TRF4 recognizes SL RNA promoter elements directly or whether it is recruited by interaction with other component(s) of the transcriptional machinery, such as PBP-1. Nevertheless, since several key residues, including two of the four highly conserved phenylalanines, known to interact with the TATA box are replaced in the T. brucei TRF4 (Fig. 1) , it is likely that TRF4 does not bind to a canonical TATA box. Indeed, studies of a dinoflagellate TBP-like protein, in which all four phenylalanines have been replaced, revealed that a TTTT box was a better binding substrate than a TATA box (12) . So far, we have not succeeded in producing T. brucei TRF4 in a soluble recombinant form to test its binding to DNA.
We have also shown that TRF4 is recruited to the Pol IIItranscribed U-snRNA and 7SL RNA genes. The regulatory elements of these genes are unusual in that a gene internal element acts in concert with upstream A and B boxes located in a divergently oriented tRNA gene (10, 29) . At this time, TRF4 is the only known transcription factor involved in Pol III-mediated transcription in trypanosomatids. Similar to the SL RNA genes, we do not know whether TRF4 binds directly to DNA in the U-snRNA or 7SL RNA promoters or whether the observed recruitment is mediated by auxiliary factors.
Having established that T. brucei TRF4 binds to promoters mediating transcription by all three nuclear RNA polymerases, we went on to ask whether TRF4 is also involved in Pol II transcription of protein-coding genes. Genome sequencing projects have underscored that protein-coding genes in trypanosomatids are organized in large directional clusters that most likely give rise to polycistronic pre-mRNAs (9, 13, 28, 40) . Although the genome data also exposed putative Pol II promoters at points of diverging clusters, experimental evidence for the existence of promoters in such regions is restricted to a single report (26) . In addition, at this time Pol II is the only known component of the machinery transcribing protein-coding genes in trypanosomes.
Due to the apparent absence of a bona fide TBP in the kinetoplastid databases, we hypothesized that TRF4 might lead us to putative transcription initiation sites by Pol II. Thus, we took a limited global approach and searched for regions in the genome that recruit both Pol II and TRF4. Using ChIP DNA to screen a genomic phage library, we indeed uncovered 27 regions in the T. brucei genome that bind Pol II and TRF4. As predicted, a subset of the positive results corresponded to the SL RNA gene. The regions in the remaining 10 isolates were all mapped to clusters of protein-coding regions.
The unexpected result came when we realized that Pol II and TRF4 were binding to sequences near the 3Ј ends of genes. Although perplexing at first, very recent studies in S. cerevisiae and humans have uncovered scenarios, where transcription can initiate within coding regions. In one study, a mutation in Spt6, believed to be involved in transcription elongation, mRNA processing, and interaction with nucleosomes resulted in aberrant transcription initiation within coding regions (19) . In a second report, conditional inactivation of the Spt16 subunit of the FACT complex (named FACT for facilitates chromatin transcription) increased Pol II density, transcription, and TBP recruitment in the 3Ј portion of certain genes (27) . Taken together, these observations were interpreted to mean that these factors contribute to the fidelity of Pol II transcription by repressing initiation at cryptic promoters. In both studies, transcription initiation at these cryptic sites generated a stable poly(A)-containing transcript.
In humans, the mapping of the binding sites for transcription factors Sp1, c-Myc, and p53 on chromosomes 21 and 22 uncovered a surprising number of sites (36%) lying within or near the 3Ј ends of genes (4) . Furthermore, these regions produce stable noncoding RNAs, some of them overlapping with protein-coding transcripts. This is quite different from our results, since we have no evidence for the production of stable RNAs initiating at the 3Ј ends of the Ptr1 and TR genes. One explanation for this difference could be that Pol II elongation is somehow arrested at these two loci, as evidenced by the synthesis of short nascent transcripts. It is worth pointing out that the Pol II, as well as TRF4, density at the 3Ј ends of the Ptr1 and TR genes is extraordinarily high, compared to the surrounding coding regions, which remained at background levels and thus could not be measured (Fig. 7B and data not shown) . The significance of this pileup of Pol II and TRF4 is not clear at this time, but it would be interesting to test whether the recruitment of Pol II and TRF4 to these 3Ј-end regions can be manipulated, for instance by downregulating subunits of the T. brucei FACT complex. Nevertheless, our results highlight once more that Pol II transcription of protein-coding genes in these organisms is highly unusual and far from understood.
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